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Abstract: The method of enhancing the biodegradability of landfill leachate via air stripping followed by
coagulation/ultrafiltration (UF) processes is introduced. In this study, the air stripping process obtained a
removal efficiency of 88.6% for ammonia nitrogen (NH3-N), at an air-to-liquid ratio (A/L) of 3 300 (pH = 11)
and after 18 h of stripping. The single coagulation process increased the BOD (biological oxygen
demand)/COD (chemical oxygen demand) ratio by 0.089 with a FeCl3 dosage of 570 mg/L, at pH 7.0, and the
single UF process increased the BOD/COD ratio from 0.049 to 0.311. However, the combination of
coagulation and UF increased the BOD/COD ratio from 0.049 to 0.423, and the final BOD, COD, NH3-N, and
colour of the leachate were 1 023 mg/L, 2 845 mg/L, 145 mg/L, and 2 056, respectively, when a 3 kDa
molecular weight cut-off (MWCO) membrane was used at an operating pressure of 0.7 MPa. In the
ultrafiltration process, the average solution flux (JV), concentration multiple (MC), and retention rate (R) for
the COD were 107.3 L/(m2·h), 6.3, and 84.2%, respectively.
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1 Introduction
The sanitary landfill method has been widely accepted because of its lower cost of
operation and maintenance compared to other methods. However, leachate originating from
landfills contains large amounts of organic matter (refractory to biodegradation)—of which
humic-type constituents are an important group—as well as ammonia nitrogen (NH3-N),
heavy metals, and chlorinated organic and inorganic salts (Renou et al. 2008a). Leachate has
become the most important environmental focus for landfills, since its discharge may cause
serious pollution of groundwater and surface water. Without any treatment, NH3-N, heavy
metals and some non-biodegradable compounds accelerate eutrophication, dissolved oxygen
depletion and toxicity of living organisms in surface water. Therefore, the disposal of leachate
and the removal of NH3-N and non-biodegradable compounds have become critical leachate
treatment issues in recent decades.
Many modern techniques have been used to remove these contaminants: ammonia
stripping (Kargi and Pamukoglu 2003), adsorption by activated carbon (Abdul Aziz et al.
2004), ultrafiltration (UF) (Xu et al. 2006), nanofiltration (NF) (Ozturk et al. 2003; Marttinen
et al. 2002), reverse osmosis (RO) (Renou et al. 2008b; Slater et al. 1983), and some
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combinations of these techniques (Agenson and Urase 2007). Membrane bioreactors (MBR)
have also been utilized in treating these contaminants (Bohdziewicz et al. 2008; Choi et al.
2007). Simultaneously, many researchers have paid attention to other advanced techniques for
colour, NH3-N and COD removal. Yang and Englehardt (2008) found that hydrogen
peroxide-enhanced iron (FeO)-mediated aeration (IMA) increased the BOD (biological
oxygen demand)/COD (chemical oxygen demand) ratio from 0.02 to 0.17 and 83% of NH3-N
was removed. Some research has shown removal efficiencies of 56%-85% and 23%-38%,
respectively, for COD and NH3-N when the electro-coagulation process was used to treat the
leachate (Amokrane et al. 1997; Zhang et al. 2006; Cossu et al. 1998; Deng and Englehardt
2007; Poznyak et al. 2008).
Biodegradability (the mass concentration ratio of BOD/COD) is the ability of a substance
to be broken down into simpler substances by bacteria. Lower ratios (˘ 0.1) reveal the
presence of large portions of hard-biodegradable COD, which is composed of
non-biodegradable organic molecules, essentially humic and fulvic acids in the landfill
leachate. These compounds are also characterized by very high contents of dissolved salts,
notably chlorides, sodium, carbonates and ammonium (Marttinen et al. 2002). For wastewater
purified by biological methods, a higher BOD/COD ratio of 0.3 is considered biodegradation.
It has also been noted that the age of the landfill and the degree of solid waste stabilization
have a significant effect on leachate characteristics. The BOD/COD ratio decreased rapidly
from 0.70 to 0.04 with the aging of the landfills (Chian and DeWalle 1976). This is due to the
release of the large recalcitrant organic molecules from the solid waste. Consequently, mature
landfill leachate is characterized by its low BOD/COD ratio and fairly high concentration of
NH3-N.
The aim of this study was to enhance biodegradability of leachate using air stripping
coupled with coagulation and UF processes and to evaluate the performance of a UF
membrane. Biodegradability variation of leachate was monitored in order to evaluate the
effects of the coagulation/UF process.
2 Materials and methods
2.1 Wastewater source
The leachate used in this study was obtained from Erfei Hill in Wuhan City, which is
located in Hubei Province, China. The physicochemical characteristics of the raw leachate are
shown in Table 1.
Table 1 Physicochemical characteristics of raw leachate
pH SS(mg/L)
BOD
(mg/L)
COD
(mg/L)
NH3-N
(mg/L) Turbidity (NTU) Colour
6.3-7.1 4 597-4 655 911-935 18 667-18 763 1 829-2 155 3 199-3 264 12 201-12 268
2.2 Process of ultrafiltration
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The UF process is commonly used as a sieving process for separation, concentration and
fractionation. When solute is carried to the membrane surface by solvent, the solvent passes
through the membrane while the solute is intercepted, resulting in the accumulation of solute.
Only particles smaller than the pore size of the membrane can pass through, while particles
that are larger than the pore size cannot. The macromolecules and large amounts of
non-biodegradable compounds are intercepted as solute, while some small molecule
biodegradable substances pass through as solvent. The solution flux ( VJ , L/(m2·h)) is
calculated with Eq. (1):
V
t
V PJ
At Rμ
Δ
= = (1)
where V is the ultrafiltrate volume (L); A is the membrane area (m2); t is the ultrafiltration time
(h); ¨P is the operating pressure for the membrane module (Pa); μ is leachate viscosity (Pa·s);
and Rt (m-1) is the total resistance of the membrane, which consists of Rm (hydraulic resistance
of membrane), Ra (resistance of absorbed layer), and Rc (resistance of concentration
polarization layer). The important parameter VJ is significantly affected by membrane pore
size, the compounds of the filtrated solution, and the pressure difference between the two sides
of the membrane.
The concentration multiple (MC) is the volume ratio of the original solution to the
concentrate. The relation between MC, VF0 (the volume of the original solution) and VF (the
volume of the retained solution) is described by Eq. (2):
C F0 F/M V V= (2)
The retention efficiency (R) is utilized to express the interception capacity of a membrane
for a solute in a solution. When a UF process is performed using the concentration technique,
the relation between R, MF (retained solute) and MF0 (solute of original solution) is shown in
Eq. (3):
F
F0
100%MR
M
= × (3)
2.3 Analytical methods
Influent and effluent samples were drawn randomly for the analysis of BOD, COD, and
NH3-N. The pH value was measured using a pH meter (Orion 290+, USA). Turbidity, colour
and SS (suspended solids) were determined according to the Standard Methods for the
Examination of Water and Wastewater (APHA et al. 1998), and BOD was determined for five
days of cultivation at a constant temperature of 20ć. COD was determined with the
colourimetric closed reflux method. The membrane VJ was measured by determining the
volume of ultrafiltrate under a relatively stable operating pressure.
2.4 Experimental setup
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Air stripping can successfully eliminate NH3-N and reduce the wastewater toxicity. All the
experiments were conducted in a steel stripping tower with an effective volume of 10.0 L, an
internal diameter of 150 mm, and a height of 700 mm. Lime was used to adjust the pH of
solutions. A pump with a maximum air flux of 70 m3/h was used to strip the solution. In order
to prevent the stripped NH3 from being released into the atmosphere, 4.5 mol/L of H2SO4 were
used to absorb it.
Coagulation experiments were performed with jar test equipment (ZR4-6, China),
including six paddle rotors, equipped with six beakers of 1 L each. A coagulant of ferric
chloride (FeCl3) or polyferric chloride (PFC) was added to 1 L of conditioned leachate. The
rapid mixing stage for the experiment was 30 seconds at 350 rpm, followed by a slow mixing
stage of 10 minutes at 60 rpm. There was a final sedimentation time of 30 minutes before
sampling. One mol/L of HCl was used to adjust the pH values of stripped leachate before the
coagulation process.
Membranes with molecular weight cut-offs (MWCOs) of 8 kDa, 6 kDa, 3 kDa and 1 kDa,
produced by Millipore Co., USA, were utilized. Membranes of the same pore size were
fabricated to form the membrane module in a cylindrical unit made by Saipou Membrane
Technology Co., Ltd. in China. The operating pressure was exerted by a pump with a maximum
lift of 1.3 MPa, which was connected to the ultrafiltration device.
3 Results and discussion
3.1 Physicochemical parameter changes in pretreatment of air
stripping/coagulation
Air stripping is usually used to eliminate NH3-N from landfill leachate in order to reduce
wastewater toxicity (Ozturk et al. 2003). The air-to-liquid ratio (A/L), temperature, and
stripping retention time are three important parameters in this process. In order to prevent air
pollution, 4.5 mol/L of H2SO4 were used to absorb the eliminated gas. The stripping process
continued for 24 h at 50ć.
Table 2 shows the variation of NH3-N removal efficiency and effluent NH3-N
concentration with stripping time. The NH3-N removal efficiency showed no obvious changes
when the stripping time exceeded 18 h. The final NH3-N concentration of the leachate was
about 200 mg/L.
Table 2 Effects of air stripping time on NH3-N removal efficiency (A/L = 3300, temperature = 50ć, pH = 11)
Air stripping time
(h)
NH3-N of effluent
(mg/L)
NH3-N removal
efficiency (%)
Air stripping time
(h)
NH3-N of effluent
(mg/L)
NH3-N removal
efficiency (%)
3 1 243 33.4 15 232 87.6
6 1 109 40.6 18 212 88.6
9 712 61.9 21 210 88.8
12 456 75.6 24 198 89.4
Note: The concentration of influent NH3-N was 1 868 mg/L.
The effects of A/L on NH3-N removal efficiency at different temperatures are shown in
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Figure 1. The NH3-N removal efficiency increased with A/L when the stripping time was 18 h
and the temperature remained constant. The NH3-N removal efficiency was higher than 90%
and the NH3-N concentration of effluent was less than 200 mg/L when the A/L was above 3500
at a temperature of 50ć. This result coincided with that reported by Marttinen et al. (2002), an
89% NH3-N reduction at pH = 11 and 50ć within a 24-hour retention time. However, the
higher temperature did not bring about obvious enhancement of NH3-N removal efficiency,
which increased only by 2.7% from 90.0% when the temperature increased from 50ć to 65ć,
and only by 3.8% when A/L increased from 3 500 to 5 500 at a temperature of 50ć . In
consideration of energy consumption and NH3-N removal efficiency, the optimum A/L for
NH3-N stripping in landfill leachate was 3500 and the optimal temperature was 50ć.
Figure 1 Effects of A/L on NH3-N removal efficiency at different temperatures (stripping time: 18 h)
PFC, FeCl3, polyferric sulfate (PFS) and ferric sulfate (Fe2(SO4)3) are the most common
and effective coagulants used to remove COD, SS, metals and colour (Marttinen et al. 2002)
from landfill leachate. Rivas et al. (2004) reported that iron salt coagulants achieved a higher
COD removal efficiency (up to 50%) than aluminum ones (between 10% and 40%).
Combinations of aluminum and iron coagulants may enhance the floc-settling rate. However,
the degree of enhancement is limited (Amokrane et al. 1997).
PFC and FeCl3 were chosen to reduce the colour, macromolecules and fibers in order to
enhance biodegradability. Figure 2 shows the variation of COD removal efficiency and
BOD/COD ratio with different dosages of FeCl3 and PFC at pH 9.0. The COD removal
efficiency reached an optimum value of 43.6% with a PFC dosage of 1 000 mg/L, after which
the BOD/COD ratio started to decrease. In comparison with the effects of the FeCl3 dosage, the
COD removal efficiency and BOD/COD ratio increased by 3.7% and 0.03, respectively.
The influence of different dosages of coagulants with different pH values on the
BOD/COD ratio was further investigated (Table 3). The pH value had an obvious effect on the
increase of the BOD/COD ratio (Table 3). Meanwhile, the dosages and pH values for the
optimum BOD/COD ratio were not identical. For example, an 800 mg/L dosage of PFC
achieved a BOD/COD ratio of 0.143 at pH 10.0, while a 570 mg/L dosage of FeCl3 achieved a
BOD/COD ratio of 0.135 at pH 7.0. The BOD/COD ratio also began to decrease after the
optimum points. This could be attributed to the re-stabilization of colloidal particulates when
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the dosages of coagulants exceeded the optimum points.
Figure 2 Effects of dosages of coagulants on COD removal efficiency and BOD/COD ratio (pH = 9.0)
Table 3 Variation of BOD/COD ratio at pH 5, 7, 10 and 12 for various dosages of FeCl3 and PFC
Coagulant pH Optimum dosage (mg/L) Initial BOD/COD ratio Final BOD/COD ratio
FeCl3
5 1 520 0.048 0.108
7 570 0.046 0.135
10 900 0.048 0.127
12 1 100 0.045 0.124
PFC
5 1 300 0.048 0.111
7 1 240 0.047 0.131
10 800 0.047 0.143
12 950 0.045 0.128
3.2 Effects of MWCO on biodegradability changes
As a modern separation technique, UF is effective in removing the hard-biodegradable
macromolecules and the particles, resulting in the decrease of the BOD/COD ratio. However,
the removal efficiency strongly depends on the type of material constituting the membrane and
on the pore size. It has been demonstrated that UF is an effective pre-treatment process for
reverse osmosis (RO): an incomplete removal efficiency of 10%-75% for COD was obtained
by Syzdek and Ahlert (1984) and Peters (1998). Bohdziewicz et al. (2001) used UF as a
post-treatment with conventional biological processes, and 50% of the organic matter was
separated successfully.
UF membranes with 1 kDa, 3 kDa, 6 kDa and 8 kDa MWCOs were used in our
experiments, with an operating pressure of 0.8 MPa. The stripped leachate with 16232 mg/L of
COD, 857 mg/L of BOD, 9 853 of colour, and 185 mg/L of NH3-N was used as the influent in
the UF process. The MWCO of UF is shown with COD removal efficiency and BOD/COD
ratio variation for influent and ultrafiltrate in Figure 3. With the increase of MWCO from 1
kDa to 8 kDa, the COD removal efficiency decreased from 92.7% to 72.2%. However, the
BOD/COD ratio of ultrafiltrate increased to 0.37 for 3 kDa MWCO and then decreased rapidly
to 0.28 for 8 kDa MWCO.
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The macromolecules and particles were intercepted, but the small molecules (mainly
proteins and some sugars) passed through the membrane into the ultrafiltrate when pore sizes
were larger (8 kDa MWCO in this study). Therefore, the ultrafiltrate mainly consisted of some
small, easily biodegradable molecules. The BOD/COD ratio increased significantly. However,
with relatively lower MWCOs, the macromolecules, particles and large parts of proteins were
intercepted by the UF membrane; ammonia nitrogen and sugars tended to pass through the
membrane, resulting in the decrease of the BOD/COD ratio.
Figure 3 Effects of MWCO on COD removal efficiency and BOD/COD ratio (¨P = 0.8 MPa)
3.3 Effects of ¨P on BOD/COD ratio
In the UF process, the pressure difference between the two sides of the membrane (¨P)
drives the solvent and solute. Thus, ¨P is a very important parameter. The maximum ¨P of the
UF device used in our study was 1.3 MPa, and the selected ¨P values were 0.1, 0.3, 0.5, 0.7,
0.8, 0.9, 1.1, and 1.2 MPa. Figure 4 shows that the COD removal efficiency decreased rapidly
from 85.2% to 64.1% when the ¨P increased from 0.1 MPa to 1.2 MPa. Nevertheless, the
BOD/COD ratio of ultrafiltrate increased to a peak of 0.41 at ¨P = 0.8 MPa, then decreased
linearly to 0.26 at ¨P = 1.2 MPa.
A higher ¨P allows some non- or hard-biodegradable macromolecules and toxic metals to
pass through the membrane easily, but lots of impurities adhere to the external and internal
surface of the membrane, which is considered the main reason for membrane fouling. The
biodegradable small molecules cannot be driven into the ultrafiltrate at low operating pressure.
The optimum ¨P was 0.7 MPa, at which the COD removal efficiency and BOD/COD ratio of
ultrafiltrate were 79.1% and 0.39, respectively (Figure 4).
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Figure 4 Effects of ¨P on COD removal efficiency and BOD/COD ratio for ultrafiltrate (MWCO: 3 kDa)
The changes of JV, R for COD, and MC with time for 3 kDa MWCO at ¨P = 0.7 MPa are
presented in Figure 5. In the first period of 0.9 h, JV decreased by only 38.8 L/(m2·h) (from
166.3 L/(m2·h) to 127.5 L/(m2·h)) and the MC increased to 5.0. Nevertheless, R showed little
change when the operating time was extended to 2.0 h. It remained above 75.0% at the end of
the experiment. However, the filterability of the membrane decreased significantly when the
operating time exceeded 1.2 h. This was attributed to the membrane fouling, whose adverse
effect was the reduction of the permeate flux.
Figure 5 Effects of operating time on JV, R and MC (MWCO: 3 kDa; ¨P = 0.7 MPa)
3.4 Combined process for BOD/COD ratio enhancement
Wastewater with 18725 mg/L of COD, 926 mg/L of BOD, 12 253 of colour and 214 mg/L
of NH3-N after air stripping was treated with the processes of single coagulation, single UF,
and a combination of coagulation and UF. In the coagulation process, FeCl3 was selected as
the coagulant at a dosage of 600 mg/L. The COD, NH3-N, BOD/COD ratio and colour
changes of the influent and effluent for the three different processes under optimum conditions
are shown in Figure 6. For single coagulation, single UF, and combined coagulation and UF,
respectively, the removal efficiencies of COD were 38.0%, 84.2%, and 84.8%; the BOD/COD
ratios of the effluent were 0.124, 0.311, and 0.423; the colour removal efficiencies were 41.2%,
75.0%, and 83.3%; and the NH3-N removal efficiencies were only 31.2%, 22.5%, and 32.3%.
Figure 6 COD, BOD/COD, NH3-N and colour of effluent for different combined processes
Pi Kewu et al.Water Science and Engineering, Dec. 2008, Vol. 1, No. 4, 89-98 97
4 Conclusions
The combined processes of coagulation and ultrafiltration provided a suitable way to
enhance the biodegradability of landfill leachate with a low BOD/COD ratio. For raw
leachate with 18 725 mg/L of COD, 926 mg/L of BOD, and 1 868 mg/L of NH3-N, the air
stripping process played a critical role in eliminating NH3-N: an NH3-N removal efficiency
of 88.6% was obtained when the stripping time was 18 h and the A/L was 3 300. The effluent
of the air stripping process was used as the influent of the coagulation process. After the
process of coagulation, the BOD/COD ratio improved, rising to 0.135 with an FeCl3 dosage
of 570 mg/L at pH 7.0. Finally, the UF process had an important effect on the improvement
of biodegradability. The BOD/COD ratio of ultrafiltrate increased to 0.423, the COD
decreased to 2 845 mg/L, and the colour of the ultrafiltrate decreased to 2 056 at ¨P = 0.7 MPa
with a 3 kDa MWCO membrane.
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